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Narrow-band filtering of light is widely used in optical spectroscopy. Atomic filters, which rely 
on the Faraday effect, allow for GHz-wide transmission spectra, which are intrinsically matched to 
an atomic transition. We present an experimental realization and a theoretical study of a Faraday 
anomalous dispersion optical filter (FADOF) based on cesium and its Di-line-transition (6 2 Si/2 —► 

6 2 Pi/ 2) around 894 nm. We also present the prospects and visions for combining this filter with the 
single photon emission of a single quantum dot (QD), which matches with the atomic transition. 

PACS numbers: (230.3810) Magneto-optic systems; (250.5590) Quantum-well, -wire and -dot devices; 

(350.2450) Filters, absorption.; 


In the last 50 years narrow-band optical filters based on 
the anomalous dispersion of an atomic vapor (FADOFs) 
were reported, and have their main application in conve¬ 
nient filtering of near-atom-resonant light [1, 2]. Due to 
their high vapor pressure, all alkali atoms except lithium 
were investigated on their optical properties in such fil¬ 
ters. In the early 1990s, many different atoms were stud¬ 
ied and narrow-band filtering was described experimen¬ 
tally and theoretically [3, 4]. Today, more reports extend 
this work [5] and find astonishing properties, such as un¬ 
predicted narrow line-widths [6, 7] or treat the problem 
as an optimization challenge [8]. 

Parallel to the studies on atomic filters, the spec¬ 
troscopy of single solid-state emitters has been an active 
field of research. Not only that these emitters allow for 
nanoscopic sensing [9], they also enable high-rate single 
photon emission [10]. Recently, some solid-state emitters 
can be optically interlinked with atomic systems [11-13]. 
One goal is the hybridization among various systems, 
such that the optimal properties of different systems can 
be combined: For example, the coherence of an atomic 
system often outperforms the coherence of a solid state 
system. On the other hand single photon emission rates 
from a solid-state system are superior to the flux of pho¬ 
tons from an atom or ion in a trap. A first challenge 
is the optical filtering of a single photon emitter (e.g. 
a quantum dot). This allows to spectrally select a sin¬ 
gle emitter, which is subsequently matched to an atomic 
transition. 

Here we present our experimental and theoretical re¬ 
sults on Faraday filtering with hot atomic cesium vapor. 
The transmission spectrum on the cesium Dj-line has 
not been reported so far. This spectrum is of major in¬ 
terest for the combination between quantum dots (QDs) 
and atomic cesium [13], since high quality QDs can be 
routinely produced for this wavelength (894 nm). We im¬ 
plement a Cs-FADOF with a solenoid configuration, and 
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with a fixed permanent magnet. The permanent magnet 
simplifies, and stabilizes the experimental configuration. 
Our report describes in detail two key experiments, which 
are suggested for the combination between a single QD 
and a Cs-FADOF. 

The experimental configuration is depicted in Fig. 1. A 
few fj ,W of a narrow-band titanium-sapphire laser (TiSa, 
899-21, Coherent, CA) are delivered by an optical sin¬ 
gle mode-fiber to the experiment. The beam-waist is 
2 • u>o=4.5 mm. The frequency detuning is monitored by 
a Fabry-Perot cavity and the incident laser power into 
the experiment is monitored by an amplified photo diode 
(not shown). The polarization state of the light is then 
fixed with a Glan-Laser polarizer (Thorlabs GT10-B) and 
passes through an evacuated anti-reflection coated ce¬ 
sium vapor cell (Triad Technologies, CO), with an optical 
path length of 100 mm. The cell was externally heated 
with copper blocks at the optical windows by a feed-back 
loop controlled heater. The temperature stability is esti¬ 
mated to be better than 0.5°C. 

The FADOF transmission was analyzed by photo¬ 
diodes behind a Gian-Taylor calcite prism. Both output 
ports are monitored. In sum they represent the ordinary 
Doppler spectrum. For convenient data acquisition, all 
signals were recorded with an oscilloscope, triggered by 
the lasers control box. A full data set was acquired with 
temperatures ranging from 35°C to 70°C. The magnetic 
field of the solenoid was changed from 0 to 40 rnT. The 
upper current limit was defined by the maximum volt¬ 
age (32 V) of the power supply and the resistance of 
the solenoid, which amounts to 23.6 D for approx. 3000 
windings. 

To reduce the experimental complexity of the fil¬ 
ter, and to avoid additional heating from the solenoid, 
we introduced permanent ferrite magnets instead of 
the solenoid. Eight axial magnetized ring-magnets 
(100x60x20 mm 3 ) result in an equal homogeneous longi¬ 
tudinal magnetic field of 37.5 rnT. The ferrite based mag¬ 
nets retain their magnetization until 250° C. A compara¬ 
ble configuration was reported earlier, but in a high-field 
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Hallbach configuration [14]. For a theoretical description, 
the FADOF is modeled by calculating the electric suscep¬ 
tibilities of the cesium vapor [15]. This is performed by 
calculating the Hamiltonian H = Hq + F/hfs + Fzeeman 
and results in the complex susceptibilities x± = X± +*X± • 
Together with the length of the cell, L, and the temper¬ 
ature, a Voigt line profile is obtained per transition. The 
combination of optical rotation by n/2 and simultane¬ 
ous weak Doppler absorption leads to a preferred optical 
configuration. The transmission is calculated as 
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FIG. 1. a) Experimental setup. A cesium vapor cell is placed 
between two crossed polarizers. A magnetic field is applied 
via a solenoid or permanent magnets, b) Transmission and 
absorption spectra of the Cs Di-line plotted as function of 
the laser detuning. Transmission (FADOF, violet) and the 
second output port (X-FADOF, blue). When both spectra are 
added, the Doppler spectrum is obtained. Measurement data 
(dotted), fit (solid line). Center wavelength A va c=894.593 nm 
c) Measured transmission as a function of temperature and 
laser detuning, red dashed line indicates data shown in b. d) 
Fit of the measured transmission data shown in d. 


sity based on the same single temperature. A more de¬ 
tailed study of the theoretical estimated spectra is given 
in e.g. [5]. 

For the theoretical model a self-developed program [16] 
and additionally the package “ElecSus” [17] was used. 
For fitting the data “ElecSus” was preferred for providing 
a fast, Python-based, fitting routine. The frequency axis 
was linearized by fitting the Fabry-Perot etalon trans¬ 
mission with an Airy-function. 

Fig. lb,c and d show the acquired FADOF-spectra 
along with the theoretical prediction. For each spec¬ 
trum a small background from ambient light was sub¬ 
tracted. Each spectrum was independently fitted. First, 
both temperature and B-field were set as free fit param¬ 
eters. For the permanent magnet, a constant magnetic 
field 37.5±0.5 mT was found for each temperature. This 
value is in good agreement with the value obtained by a 
Hall sensor, and was set to a fixed value. The tempera¬ 
ture axis plotted in Fig. lc and d, was obtained as a free 
fit parameter. The fit of each polarization axis provided 
us the same temperature. However, a small deviation 
(0.4°C) of the actual set point of the controller and the 
fit result was found. 

The intention of the study was to find ways to opti¬ 
mally combine the properties of atomic vapors with the 
single photon emission of a QD. A few studies have been 
showing such an optical interaction. Single photons, orig¬ 
inating from a single molecule have been filtered with a 
FADOF already [12]. With the presented data, this is the 
first experiment which should be applied to single photon 
emission from a QD. In the following we extend on the 
general filtering idea with two possible experiments: 

At high excitation powers, the spectral emission of a 
single photon emitter is described by the dressed-state 
approach. The Mollow-triplet [18] introduces two side¬ 
bands, which are split by the Rabi frequency fl. This 
quantum optical feature has been experimentally realized 
in the solid state in the past [19, 20]. The emission on the 
side-bands is anti-correlated [21, 22], since each part of 
the split ground-state can only be reached by an emission 
of the intermediate frequency. Only then, the other side¬ 
band is emitted. We find the FADOF as a convenient way 
to suppress the resonant scattering and to filter solely for 
the introduced side-bands. 

As one interesting side effect, the Mollow triplet might 
exhibit its side bands coinciding with the Cs-clock tran¬ 
sition (« 9.2 GHz). When the FADOF filter is used, 
the split photonic emission will be alternating passed, 
whereas the Rayleigh middle peak is suppressed. A gen¬ 
eral measure for the filter performance, can be given by 
a figure of merit (FOM), which is the ratio of maximum 
transmission and the background passing the filter [8] 

F0M = Jiw ENBW=i Ysf (2) 

where T max is the maximum transmission. The equiva¬ 
lent noise band-width (ENBW) describes the equivalent 
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noise bandwidth as a function of the transmission T at 
a signal frequency ^s- ENBW is the inverse of the sig¬ 
nal to noise ratio for white noise. By altering certain 
parameters, e.g. temperature and B-field, the FOM can 
be maximized for the best filter performance [8]. How¬ 
ever, by the given signal from a QD, the transmission of 
the sidebands through the filter needs to be optimized, 
whereas the resonant scattering (middle-peak) needs to 
be suppressed. Hence a convolution of transmission and 
Mollow-triplet sidebands is mandatory. This is presented 
in Fig. 2. By varying both parameters, temperature (20- 
200°C) and B-field (0-50 mT), we find T max between 20 
and 40°C and above 20 mT. It is important to stay below 
40° C, otherwise the middle-peak of the Mollow-triplet 
will pass the filter. Transmission of the entire Mollow- 
triplet is increased until a magnetic field of 20 mT. At 
higher fields, the transmission does not rise significantly. 
By the given magnetic field of 37.5 mT (permanent mag¬ 
nets) the best temperature for a maximized transmission 
of the sidebands is found to be 28°C. Simultaneously, 
the suppression of the center is better than 70 dB over 
a range of larger than 4.1 GHz. Assuming 10 5 counts 
per second (cps.) emitted by a QD, distributed over all 
three transitions, around 2,500 cps. will pass the filter in 
total. Therefore the filter has an transmission efficiency 
of 1.2 % per sideband. This value is similar to the ef¬ 
ficiency achieved with a Michelson interferometer [22], 
The Michelson interferometer for filtering the QD emis¬ 
sion, however, is thermally and mechanically very sus¬ 
ceptible. The Cs-FADOF is not only a more robust al¬ 
ternative, but can also be used to lock the emission of 
the QD. 
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FIG. 2. Spectrum of the Mollow triplet filtered by a Cs-Di 
FADOF as a function of the laser detuning. Mollow emis¬ 
sion (gray, dashed), FADOF transmission (violet), convolu¬ 
tion (red). The alternating emission from the sidebands coin¬ 
cides with the Cs clock-transition, whereas the middle-peak 
is efficiently suppressed. 


Locking a QD, which only shows a single transition 
(unlike the Mollow triplet) to an atomic transition is 
important for further experiments, and for future ap¬ 
plications in quantum information processing. Locking 
ensures, that the single photon emitter stays spectrally 
tuned to a follow up experiment with atoms. Tuning of 


the QD emission can be achieved for example by mag¬ 
netic fields or the Stark effect. A first locking scheme has 
been presented by Akopian et al. [23], but utilized a low 
locking bandwidth on the order of seconds. However, a 
single emitter can be conveniently locked by a dispersive 
lock signal, and by the comparison of only two signals. 
A slight modification of the presented FADOF scheme is 
required: As the incident linear-polarized light is a super¬ 
position of both circular components a+ and <r_, these 
can be independently analyzed, when a quarter wave- 
plate is introduced (see Fig. 3a). This is comparable to 
the dichroic atomic vapor laser lock [24]. Both output 
ports are equipped with single photon detectors. The 
signals are subtracted and the difference of zero defines 
the lock-point. If the signal deviates from zero, the single 
photon emitter has to be spectrally shifted. 

Fig. 3b shows the derived lock signal. Here, a spectral 
line width of 500 MHz for the single photon emitter is 
assumed. With a single photon emission of 10 5 cps., this 
implies that both detectors see far off-band the half of 
this value. At the atomic lock point it self, the rate is 
reduced to approx. 20% by Doppler absorption. This is 
10,000 cps. in each arm. The signal to noise ratio of the 
difference signal is therefore SNR(lsec)= \/10, 000/-\/2- 
Due to the fact that we have two detectors and subtract 
the signal, we have to introduce the factor of %/2- For the 
stability, the slope of the lock signal becomes important. 
With the values as shown in Fig. 3b we estimate this as 
a contrast change of 400 photons per MHz at the lock 
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FIG. 3. a) Experimental arrangement of the proposed locking 
scheme. The QD emission passes the Cs cell and both circular 
components are analyzed, b) Calculated lock signal with a 
laser (dashed) and with a QD (blue, linewidth of 500 MHz). 
Bottom: both detected signals on the photo detectors, top line 
represents 50% transmission, bottom line is 10% transmission. 
The locking bandwidth depends on the signal strength and 
the slope of the lock signal. 
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point. The lock precision, defined as 5zz min (i) = 

with a slow drifting emitter will be on the order of a 

MHz/\/Hz. 

In summary, we have presented a study on the trans¬ 
mission of a Faraday filter on the cesium Dj-line. We 
find an excellent match between the theoretical predic¬ 
tion and the experimental data for the entire parameter 
space. This completes the study on alkali Faraday filters 
(except Li) and allows to apply the here presented re¬ 
sults to single photon experiments with single solid state 
emitters. Since such experiments require sophisticated 
instrumentation, a solution based on a permanent mag¬ 
net was introduced. 

For experiments with QDs, not only a simple super¬ 


imposed spectrum is of interest. The suppression of the 
Rayleigh central line of the Mollow-triplet and locking 
the emitter to an atomic line extend the study and will 
allow for further experiments. In addition, experiments 
with slow light are of interest. One option would be to 
analyze the temporal shift between both output ports of 
such a filter. This compares to the early studies of slow 
light [25], 

When preparing this manuscript, we found another 
study presenting results on the cesium Di-line [26]. 
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